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ABSTRACT 


At the Naval Postgraduate School (NPS) we are currently researching the potential for 
and feasibility of an optical signal demultiplexer based on the Mach-Zehnder coupler. The 
theory behind the signal demultiplexer involves cascading an n stage Mach-Zehnder coupler. 
The coupler will be capable of discriminating between M different CSK signals employing M 
Hadamard codes. This thesis involves the examination of a single Mach-Zehnder coupler that 
operates at 100 Mbps and specifically addresses the mathematical analysis of how it operates, 
the physical components necessary to build and test a Mach-Zehnder coupler, and the 
performance of the Mach-Zehnder coupler. 
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L INTRODUCTION 


The Navy has taken an interest in fiber optic communications for several reasons. 
Fiber is considerably thinner and lighter then the traditional coaxial and twisted pair 
mediums used for communications which makes it easy to transport and easy to install 
within the small compartments on ships. In addition fiber is a noise-free medium that 
provides a wide bandwidth with increased communication security. Specifically, in 
regards to security, fiber is very difficult to tap because it is not electrical and does not 
radiate. The fact that it does not radiate makes it the cable of choice for classified 
communication circuits where TEMPEST must be maintained. Other favorable 
characteristics of fiber for military applications include its immunity to electromagnetic 
interference (EMI) and resistance to hazards. Fiber is more reliable then other media and 
continues to operate when subjected to wet areas, areas of high voltage and areas of 
frequent power surges. [Ref. 1] 

At the Naval Postgraduate School (NPS) we are currently researching the 
potential for and feasibility of an optical signal demultiplexer based on the Mach-Zehnder 
coupler as shown in Figure 1.1. This thesis is a first step in that analysis and focuses on a 
single Mach-Zehnder coupler operating at 100 Mbps. 

The Mach-Zehnder coupler shown in Figure 1.1 is composed of two 2x2 optical 
couplers, a delay element and a phase shift element. The signal that enters the first 
coupler (port 1) is divided and the output is sent through the two output ports (ports A 
and B). The signal that leaves port A is sent through a delay before it arrives at the 
second 2x2 coupler. The signal from port B has no added delay. At the second 2x2 
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coupler the signals are combined, equally divided and sent out through ports A and B. 
The output from port B of the second 2x2 coupler is then shifted in phase by ninety 
degrees. 

By cascading a number of Mach-Zehnder couplers together that are slightly 
different from one another (i.e., they have different delays), we would be able to 
discriminate between different code shift keying (CSK) signals. (Code shift keying is 
obtained by varying the phase of a sinusoidal carrier between 0 and n radians.) For 
example, suppose we would like to build a filter that was capable of isolating two CSK 
signals. Figure 1.2 shows a two-stage Mach-Zehnder demultiplexer capable of 
discriminating between four CSK signals. The four CSK signals are encoded by four 
Hadamard codes [Ref. 2], The first Mach-Zehnder coupler combines the energy in the 
first two CSK pulses and the second Mach-Zehnder couplers combine the energy in all 
the CSK pulses. The results of the second Mach-Zehnder couplers are sent to 
photodetectors which convert the optical signal to electrical and then integrate it over a 
one pulse duration. This example can be expanded to include n Mach-Zehnder stages 

where n = log 2 M (M = 2”). Each stage would have a different delay, capable of 
discriminating between M different CSK signals employing M Hadamard codes. [Ref. 3] 




Figure 1.1 The Mach-Zehnder coupler. 
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Figure 1.2 Block diagram of a two stage Mach-Zehnder demultiplexer. 




In the second chapter of this thesis we develop and discuss the theory behind the 
Mach-Zehnder coupler. The chapter also includes an analysis of a signal in both the time 
and frequency domains as it transits the Mach-Zehnder coupler. Chapter III focuses on 
the actual building and testing of the Mach-Zehnder coupler. Each component of the 
coupler will be examined and measured to determine the placement of individual 
components in order to create the most successful Mach-Zehnder coupler. In addition, 
Chapter III discusses the equipment used to both run and test the Mach-Zehnder coupler. 
In Chapter IV the thesis concludes with a discussion of the performance of the Mach- 
Zehnder coupler, identification of difficulties encountered while building the coupler and 
suggestions for improving its performance. Appendix A is a complete description of the 
equipment and procedure used to measure the insertion loss. Appendix B describes the 
method and equipment used to measure the time delay. 
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n. THE MACH-ZEHNDER COUPLER 


A. OVERVIEW OF THE MACH-ZEHNDER COUPLER 

In this chapter we describe the function of the Mach-Zehnder coupler shown in 
Figure 2.1. It consists of two 2x2 optical couplers, a delay line of T seconds (where T is 
one bit period of the digital data) and a n/2 phase shifter. Port 1 of the first coupler is 
the input. Port A of the second coupler and the output of the phase shifter are the two 
outputs. Let s(t) be the equivalent lowpass signal of the input signal and S(f) be its 
Fourier transform. The outputs, in the frequency domain, at ports A and B of the first 
2x2 coupler will be shown to be S(f )/V2 and jS(f)/y/2, respectively, where 
j = V-l. (Note that multiplication by j is equivalent to a njl phase shift.) The output 

of the delay line of T in the frequency domain is (S(f)e~ J2 * fT )/42 . The output, in the 
frequency domain, at port A of the second 2x2 coupler will be shown to be 
(S(f)e~ J2 * fT - S(f )) / 2. The transform of the other output of the Mach-Zehnder 

coupler (i.e., the output of the n/2 phase shifter) will be - (S(f)e~ j2nfT + S(f )) / 2. In 
the time domain, the two outputs of the Mach-Zehnder coupler produced by the input 
signal s(t ) are (s(t -T)- s(t)) / 2 and - (s(t -T) + s(t)) / 2. Thus the Mach-Zehnder 
coupler produces outputs that are one half the differences of the input signal’s delayed 
version and itself and an inverted representation of one-half the sum of the input and its 
delayed version. 
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Figure 2.1 Block diagram of the Mach-Zehnder coupler. 


B. ANALYTICAL DESCRIPTION OF COMPONENTS 

In this section we mathematically analyze each component of the Mach-Zehnder 
coupler. The section concludes by tracing the signal as it transits through the complete 
Mach-Zehnder coupler. 

1. 2x2 Coupler 

The 2x2 coupler has four ports, identified in Figure 2.2 as 1,2, A, and B. Each of 
these ports can be used as either an input or output. 



^b 2 b 4 ~ 

Figure 2.2 2x2 coupler. 


Let the frequency domain inputs, a,, and outputs, b j (where a, and b, are the transforms 
of the signal a, and b ,, respectively) of the 2x2 coupler shown in Figure 2.2 be described 

by the following vectors a and b : 
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( 2 . 1 ) 


The input vector a and output vector b are related by the scattering matrix S given by 
[Ref. 3]: 


such that [Ref. 4]: 


S = 


V2 


0 0 1 j 
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1 j 0 0 
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b =S a 


( 2 . 2 ) 
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Equation 2.4 can be simplified by partitioning the matrix as shown below: 
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After partitioning, Equation 2.5 can be rewritten as: 
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i 

"1 j 

A" 


A. 


J 1. 

A. 
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i 

"1 / 
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A. 


J 1 . 

a 2 _ 



(fl 3 +ja A )/^l2 
(A +a A )/>/ 2_ 
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(2.6a) 


(2.6b) 


We observe from partitioning and rewriting Equation 2.5 that (ideally) no part of the 
transform of the input signal is reflected back through the input ports. Specifically, in 


Equation 2.6(b) b 3 and b A are the only outputs when a, and a 2 are used as 
inputs. [Ref. 4] 

Now consider the case shown in Figure 2.3 where a, is the transform of the input 
signal a x at port 1 and the second input at port 2 is not connected (i.e., a 2 = 0). Using 
Equation 2.6b: 


b 2 

A 

Hence, we see that the output amplitudes are decreased by a factor of l/ V2 and that the 
second output is phase shifted by n/2 from the first output. 



a x /yj2 


ja x /y[l_ 


(2.7) 



^3 

^4 


Figure 2.3 2x2 coupler with only one input port connected. 
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2. Delay Line 

As shown in Figure 2.4, the signal is delayed by a period of T as it passes through 
the delay. If the transform of the input signal is a x , then the output after passing through 

the delay will be a x e jlnT in the frequency domain. 


0,(0 


a x (t-T) 


Figure 2.4 Time delay. 


3. Phase Shifter 

As shown in Figure 2.5, as the transform of the signal passes through the 7t /2 
phase shifter, it is multiplied by j (= e J!r/1 ). 


a x /2 



Figure 2.5 Phase shifter. 


C. SIGNAL ANALYSIS OF THE MACH-ZEHNDER COUPLER 

Using the preceding analysis we now completely describe the Mach-Zehnder 
coupler. Figure 2.6, in the time and frequency domain. Let s(t) be the equivalent 
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Figure 2.6 Mach-Zehnder coupler. 


lowpass signal of the input signal and S(f) be its Fourier transform. Using Equation 2.7 
for a 2x2 coupler with only one input, where a, = S(f ), we find the transform of output, 


b 3 and b 4 : 


y a 

‘sto/vr 

A J 

' 2. 


( 2 . 8 ) 


Prior to arriving at the second 2x2 coupler, b 3 will pass through a delay. A delay of T in 
the time domain results in a multiplication by a e j2 * fT in the frequency domain. Letting 

^ t 

b 3 represent b 3 after it passes through the delay, then the inputs to the second 2x2 
coupler can be written as: 


x r 


' e- J2 * fT o" 

'S(f)/42~ 


~S(f)e~ JU,T /41 

A. 


0 1 

JS(/)/42_ 


JS(f)/42 


(2.9) 
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The transform of the outputs of the second coupler, b 3 and b 4 , are found by using 
Equation 2.6b with b 3 and b 4 as the input (i.e., in Equation 2.6(b) let 2, = b 3 and 


a 2 = b 4 ). 


~b” 

i 

'1 f 




A. 

|lcj 

II 

J 1. 

2 


J(S(fy-™ T +S(/))/2_ 


~ ft ~ ft ~ r 

The final output of the Mach-Zehnder coupler, b 3 and b 4 is seen after b 4 passes 
through the ninety degree phase shifter. 


ff ' 


"1 o' 

~ (S(f)e- n ’ /T -S(J))/2~ 



_ ft 

A J 


_° J. 

_y(S(/)e- J2 ' /r +S(/))/2_ 


+S(f))/2_ 


By taking the inverse Fourier transform of Equation 2.11, we can see the output signals 

// ft 

b 3 and b 4 in the time domain are: 

h 
A 

By multiplying the matrices used to represent the phase shift, delay and two 
couplers (Equation 2.13), we can derive a general equation (Equation 2.14(a), 2.14(b)) 
where the output of the Mach-Zehnder coupler can be readily determined from the inputs 
S', and a 2 . 


(s(I-T)-s(t ))/2 
-«<-n+s(0)/2. 
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( r e- J2 * /T -l) 

(-je-*’ tT +j)_ 
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(2.14a) 


(2.14b) 


D. SUMMARY 

In this chapter we learned that the 2x2 coupler combines the signals from its two 
input ports, splits the signal and sends the result through the two output ports, and that 
both output signals leave the coupler simultaneously. We also determined that, if only 
one input port is used, then no part of the input signal is reflected back through the 
second input port. We have also seen that the outputs from the Mach-Zehnder coupler 
are (S(f)e~ J2 * fT -S(f))/2 and -(S(f)e~ 2!t/T + S(f))/2 in the frequency domain or, 
equivalently, (s(t -T)- s(t)) / 2 and - (s(t -T) + s(t )) / 2 in the time domain. 

In the next chapter we will discuss the actual building and testing of the Mach- 
Zehnder coupler. Specifically we will look at each component of the Mach-Zehnder 
coupler and measure its insertion loss as well as any delay that it imposes on the signal. 
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This information will be used to determine the placement of individual components in 
order to create the most successful Mach-Zehnder coupler. In addition Chapter III 
discuses the equipment used to both run and test the coupler. The chapter concludes by 
showing the arrangement and performance of two different configurations of the 
Mach-Zehnder coupler. 
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III. HARDWARE DESCRIPTION 


In this chapter we discuss the hardware used to build a Mach-Zehnder coupler 
(Figure 3.1) that will operate with a digital optical signal at 100 Mbps and have a one bit 
period delay. Notice that Figure 3.1 introduces a third 2x2 coupler; we will see later in 
this chapter that the additional coupler is used to provide the required n/2 phase shift. 
The nature of this experiment requires knowledge of each component’s individual 
characteristics, specifically the insertion loss and timing delay that each device imposes 
on the system. This chapter will discuss all of the components in detail and include 
results of necessary measurements as well as documenting the method used to determine 
such losses and delays. 



Figure 3.1 Mach-Zehnder coupler. 


A. 2x2 COUPLER 

All of the couplers used in this experiment were single mode and manufactured by 
Fiber Institute Sales Inc. (model number FI93205). The couplers came equipped with 
pigtails of one meter length, terminated with ST connectors. 
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1 . 


Insertion Loss 


Since this experiment involves transmitting a signal through various fiber optic 
components, the power loss of each coupler must be determined in order to establish 
which arrangement of available components will provide the least combined loss. Figure 
3.2 illustrates the setup used to measure the power losses of the 2x2 couplers. The diode 
laser controller, shown in Figure 3.2, is computer controlled, allowing the user to select 
the mode of operation (power or current) and then to digitally specify the operating 
temperature and power (or current) requirements [Ref. 5]. For this experiment, the 
controller was set in the power mode, at 0.17 mW at a temperature of 10C. (The value of 
input power used was chosen arbitrarily based a 1 mW maximum input power for the 
diode in addition to the input power limitations of the devices under test.) The controller 
was connected to a 1300 nm laser diode. The optical output of the laser diode was 
transmitted through a one meter length of single mode fiber which was connected to the 
input port of the 2x2 coupler (port 1, Figure 3.2). The output of the 2x2 coupler (port A 
of Figure 3.2) was sent to the optical multimeter, which was equipped with a 
Power/WaveHead. The Power/WaveHead was designed to simultaneously measure 



Figure 3.2 Block diagram of the procedure used to measure insertion losses of the 2x2 

coupler. 
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power and wavelength from the laser source, thereby enabling it to automatically 
calibrate the wavelength-dependent response of its InGaAs detector. The optical 
multimeter provides a six-digit display with a linear power range of 0.000 nW to 
999 999 w. The multimeter accepted wavelengths from 1040 to 1600 nm and accurately 
measured power to within ± 3.5 % and wavelength to within ± 1 nm [Ref. 6 ]. 

Prior to each test the output of the laser diode was connected directly to the input 
of the optical multimeter (Figure 3.3). This reading was recorded as the input power to 
the system. Once the input power was determined, the 2x2 was inserted between the 
laser diode and the optical multimeter as shown in Figure 3.2. The reading from the 
optical multimeter was recorded as the output power. Both the input and output power 
were rounded to the nearest 0.01 pW. The loss was computed as the ratio of input power 
to the output power, with the result converted to decibels. For a more detailed description 
of the equipment and procedure used to measure the insertion losses, see Appendix A. 


Diode Laser 


1300 nm 

O 

Optical Multimeter 

Controller 


Laser Diode 


with Power/WaveHead 


Figure 3.3 Block diagram illustrating setup used to measure input power. 

Figure 3.4 provides the recorded insertion losses for all three couplers used in this 
experiment and reflects information gathered when each of the four ports of the 2 x 2 
coupler was used as an input port. For example in Figure 3.4(a) when port 1 of 2x2 
number 1 was used as the input port, the recorded losses at output ports A and B 
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C T5 


Output 1 A Output 

I A B 2x2 • ’ : 2 ^ 

p 1 [433 4.971 Number 1 p . A F4.01 5.03" 

t u 2 [5.59 4.21 J 2 B t B |_4.92 4.34_ 
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I A B 

1 [4.00 3.51 

2 4.06 4.23 

t L 



Output 
I 1 2 

p A [4.56 4.65" 
J* 8 [7.28 7.61 

(c) 


Figure 3.4 Insertion losses measured in dB for (a) 2x2 coupler number 1, 
(b) 2x2 coupler number 2, (c) 2x2 coupler number 3. 


Output 1 A 

I A B 2x2 

p 1 [4.26 7.59] Number 3 

“ 2 3.61 7.72 2 B 
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were 4.33 dB and 4.97 dB, respectively. According to the specification sheet, 3.8 dB is a 
typical insertion loss. Our measured power losses varied from a low of 3.51 dB (seen in 
Figure 3.4(b) when port 1 of the number 2 2x2 was used as an input and port B was used 
as the output port) to a maximum loss of 7.72 dB (seen in Figure 3.4(c) when port 2 of 
the number 3 2x2 coupler was used as an input and the output was taken at port B). 

2. Time Delay 

In addition to the insertion losses added by the couplers, we are also interested in 
any differential time delay that a signal may exhibit at the two outputs of the coupler. 

Since this experiment involves delaying one signal by one bit period relative to 
the other after they exit the first 2x2, we need ensure that the input signal exits the two 
output ports simultaneously. If one output signal should lead or lag the other, then that 
information would be needed in order to determine the amount of additional delay 
required to put the two output signals out of synchronization by one bit period at the input 
to the second coupler as required by the Mach-Zehnder coupler’s specifications. 

Figure 3.5 shows the experimental setup that was used to measure any time delay 
between the outputs of the couplers. The pattern generator, shown in Figure 3.5, 
produces a random sequence or user-programmed pattern with a data rate up to 3 
Gbps [Ref. 7], 
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Figure 3.5 Block diagram of procedure used to measure time delay. 


We programmed it to produce a repeating pattern at 100 Mbps. The electrical output of 
the generator is sent to the laser transmitter which is capable of accepting digital signals 
up to 1.3 Gbps and then transmitting a modulated 1300 nm optical signal [Ref. 8]. The 
output of the transmitter was connected to the input port of the 2x2 coupler under test 
(port 1 of Figure 3.5); each of the two output ports (ports A and B of Figure 3.5) was then 
connected to a photoreceiver. Each photoreceiver was an InGaAs PIN photodiode 
followed by a low-noise amplifier [Ref. 9). The electrical output of the photoreceivers is 
sent to the digital sampling oscilloscope, which had a time measurement level accuracy of 
± 4 ps. The oscilloscope is equipped with a SD-14 sampling head which provides dual¬ 
channel, 3 GHz sampling probes [Ref. 9]. For a more detailed description of the 
procedure and equipment used to measure the signal delay, see Appendix B. 

Figures 3.6, 3.7 and 3.8 contain the oscilloscope printouts and provide the 
required timing information for the three couplers. In Figure 3.6(a) we note that port 1 of 
2 x2 number 1 was used as the input port and the printout shows the envelope of the 
output signals seen at port A (top) and port B (bottom). (We will call these digital 
envelopes of the optical signals, the “digital signals”.) The vertical axis of the graph 
measures voltage with 100 mV per division. The horizontal axis is time with 50 ns per 
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Figure 3.6 T imin g delay for 2x2 coupler number 1 when each of the four ports is used 
as the input port, (a) Port 1 is the input port, (b) Port A is the input port. 

(c) Port 2 is the input port, (d) Port B is the input. 
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Figure 3.7 T imin g delay for 2x2 coupler number 2 when each of the four ports is used 
as the input port, (a) Port 1 is the input port, (b) Port A is the input port. 

(c) Port 2 is the input port, (d) Port B is the input. 
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Figure 3.8 T imin g delay for 2x2 coupler number 3 when each of the four ports is used 
as the input port, (a) Port 1 is the input port, (b) Port A is the input port. 

(c) Port 2 is the input port, (d) Port B is the input. 
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division. When we compare the two digital signals, we note that they are in 
synchronization with one another, with no delay for one digital signal relative to the 
other. From studying the output digital signals of all three couplers we note that, while 
some of the paired digital signals may differ slightly in amplitude (as seen in Figure 3.8 
(c)), all of the output digital signals leave the 2x2 couplers at the same time with no 
apparent additional delay experienced by one port with respect to another. 

B. DELAY LINE 

In order to create the required one bit-period delay, an extra length of fiber was 
inserted between the first and second coupler, as shown in Figure 3.9. The fiber used was 
9/125 single mode fiber with single mode 127 pm ST connectors at each end. 



Figure 3.9 Block diagram showing additional length of fiber added between the first and 

second coupler. 


1. Fiber Length 

The length of fiber needed to create a T b second delay is given by: 


L = 


1.45 


(3.1) 
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where L is the length in meters, c is the speed of light, 1.45 is the index of refraction for 
light in the glass and T b is the bit period. Our data rate was be 100 Mbps; therefore the 
bit period (T b ) was be 10 ns. Solving Equation 3.1 for I we find: 

= 3-0x10 ^ x 10 -gj = 2 oy (3.2) 

1.45 1 ; 

A single-mode fiber cable was cut to this length and single-mode ST connectors were 
added to each end. 

2. Insertion Loss 

The insertion loss of the fiber and its connectors was determined by using the 
arrangement shown in Figure 3.10. This is the same setup described earlier for measuring 
the insertion loss of the 2x2 coupler. Prior to inserting the delay fiber, the laser diode 
output pigtail was connected directly to the optical multimeter. This reading is recorded 
as the input power. Once the measurement was complete, the delay fiber was inserted 
between the laser diode pigtail and the optical multimeter as shown in Figure 3.10. The 
power of output signal was then recorded from the optical multimeter. The loss was 
computed as the ratio of input power to the output power, with the result converted to 
decibels. The fiber optic cable tested measured 2.08 meters with a fiber and connector 
pair loss of 0.7 dB. (The fiber loss was negligible for this short length.) 

Fiber pigtail Fiber 



Figure 3.10 Block diagram illustrating procedure used to measure losses in fiber optic 

delay line. 
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3. Time Delay 

The time delay was tested (Figure 3.11) by connecting the laser transmitter to 
input port 1 of a 2x2 coupler. The extra length of fiber was then connected to the 
coupler’s output, port A, with the free end of the fiber connected to the photoreceiver. 
The output of port B was connected to a separate photoreceiver and the two digital 
signals were viewed on the oscilloscope. The time delay was measured using the 
oscilloscope’s vertical bar cursors. For a more detailed description of the procedure and 
equipment used to measure the signal delay, see Appendix B. 

Careful examination of the digital signal, Figure 3.12(a), at time t 2 confirms that 
output 1 lags output 2 by one bit period and 3.12(b) confirms a delay of 10 ns, as 
expected. 



Figure 3.11 Block diagram of procedure used to measure bit period delay. 


C. n / 2 PHASE SHIFTER 

We learned from Equation 2.7 that, if only one input port is used on a 2x2 

coupler, then the transform of the two output signals will be aJ42 and ja x / yfl . From 
studying this, we note that both outputs are attenuated and one is ninety degrees out of 
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Figure 3.12 Delay created by inserting fiber between the first and second coupler: 
(a) shows delay and (b) shows that delay is 10 ns. 

































phase with a,, the transform of the input signal. Using this characteristic we can insert a 
third 2x2 coupler (Figure 3.13) to create the required n/2 radian phase shift. The 
additional 2x2 coupler reduces the signal power (output 2) that passes through it by at 
least 3 dB. In order to keep the two outputs of the Mach-Zehnder coupler at the same 
signal strength, the signal at output 1 is passed through an optical attenuator which 
provides a loss equal to the third 2x2 coupler. The value of the phase shift could be 
confirmed by conducting an interference experiment; however, equipment was not 
available to conduct an interferometer test. 



Figure 3.13. Block diagram of the Mach-Zehnder coupler showing the third 2x2 coupler 

used as a phase shifter. 


D. ATTENUATOR 

As previously stated, output 2 as seen in Figure 3.13, will experience at least a 3 
dB loss as it passes through the 2x2 coupler which is used as a phase shifter. In order to 
keep the two output signals at the same power level, output 1 (Figure 3.13) was passed 
through an attenuator. The single-mode attenuator used for this experiment was 
manufactured by JDS Fitel (model number HA 9). The attenuator provided a digital 
display and was equipped with ST connectors. 
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1. Insertion Losses 


The insertion loss of the attenuator used must not be greater than the expected 
3 dB power loss of the 2x2 coupler. (Having an attenuator with a smaller insertion loss 
than the 2x2 coupler allows us to increase the attenuator’s loss to match that of the 2x2 
coupler.) Figure 3.14 illustrates the procedure that was used to measure the total loss of 
the attenuator. Prior to inserting the optical attenuator, the laser diode pigtail was 
connected directly to the optical multimeter and the reading from the optical multimeter 
was recorded as the input power. The optical attenuator was then inserted as shown in 
Figure 3.14. The loss was calculated as the ratio of the input power to the output power 
with the result converted to decibels. The attenuator was found to have an insertion loss 
of 2.02 dB when it was set to provide a loss of “0 dB” on the instrument’s display panel. 
An additional 0.98 dB from the attenuator would give us our desired 3 dB (nominal) 
attenuation. See Appendix A for a more detailed description of the equipment and 
procedure used to measure the insertion losses. 



Figure 3.14 Block diagram illustrating procedure used to measure losses in optical 

attenuator. 

E. THE MACH-ZEHNDER COUPLER 

The equipment used in testing the Mach-Zehnder coupler is shown in Figure 3.15. 
The procedure used was the same described earlier to test for a signal delay in the 2x2 
couplers. The pattern generator was configured to send a 100 Mbps repeating pattern to 
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Mach-Zehnder Coupler 


Pattern 

Generator 



Figure 3.15 Block diagram showing complete setup. 











the laser transmitter. The laser transmitter converted the signal from electrical to optical 
format, sending the optical signal to the input port of the Mach-Zehnder coupler. The 
output of the Mach-Zehnder was sent through two photoreceivers to the digital sampling 
oscilloscope. For a more detailed description of the procedure and equipment used to 
measure the performance of the Mach-Zehnder coupler, see Appendix B. 

Using what we know about the components of the Mach-Zehnder coupler, we can 
now follow a digital signal as it transits through the Mach-Zehnder coupler and identify 
the changes that it undergoes. If the digital signal shown in Figure 3.16(a) is sent to the 
input port of the Mach-Zehnder coupler (port 1), the first 2x2 coupler will reduce the 

signal’s amplitude by l/V2 and send it to the output ports A and B. The output digital 
signals from the first 2x2 coupler are shown in Figure 3.16(b). The signals are identified 
by coupler number and port (i.e., 1-A refers to coupler (1), port A, and 1-B is coupler (1), 
port B). We observe in Figure 3.16(b) that the two output digital signals have the same 
bit pattern as the input digital signal; however, their amplitude is reduced compared to the 
input digital signal. We also notice that the two digital output signals look identical to 
one another. This is to be expected since the digital signal representation does not 
include the optical carrier. If we could see the carrier, we would note that one carrier was 
ninety degrees out of phase with the other. Figure 3.16(c) shows the two signals as they 
enter the second 2x2 coupler. The top digital signal (2-1) is delayed by one bit period 
compared to the bottom digital signal (2-2) due to the delay fiber between the first and 
second couplers. At the second 2x2 coupler the digital signals are added (i.e., 0+1=1, 
1+1=2, etc.) and then divided. Figure 3.16(d) show the output signals from by the second 
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Figure 3.16 Qualitative description of the Mach-Zehnder coupler using the 
measured envelopes of the optical signal. 
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2x2 coupler. Notice that the two signals are again identical. This is due to the combining 
and dividing of the two signals by the coupler; while the inputs to the 2x2 coupler may 
be different, as was the case here, the output signals will always be identical. The signal 
at 2-A will be reduced in amplitude as it passes through the optical attenuator and the 
second signal (2-B) will be attenuated in power and phase shifted by ninety degrees as it 
passes through the third 2x2 coupler. The signal that appears at the attenuator output and 
at the output of the third coupler (3-B) will have the same pattern as shown in Figure 
3.16(d) but with a smaller amplitude. 

1. Setup 

The first configuration which tested the placement of the components, couplers 
and the choice of ports used was based on creating the lowest overall insertion loss. 
Using the measured insertion losses (Figure 3.4), the components were distributed as 
shown in Figure 3.17(a) to achieve the lowest combined power loss. The setting of the 
attenuator was determined by subtracting the insertion loss of the attenuator from the 
insertion loss of the 2x2 coupler used as a phase shifter. In the case of this first 
configuration where port A of 2x2 number 3 is used as the input port of the phase-shifter 
and port 2 is the output port, the insertion loss (Figure 3.4(c)) is 4.65 dB. This requires 
that the attenuator be set at 2.43 dB (4.45 dB - 2.02 dB (insertion loss of attenuator)). 
The digital signal sampled at the output of the second coupler (2x2 number 2) is shown in 
Figure 3.17(b). This digital signal, while similar to the expected output shown in Figure 
3.16(d), does not maintain the voltage level between successive high voltage levels 
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Figure 3.17 (a) Configuration based on lowest overall insertion loss, (b) Signal sampled 

at port B of second 2x2. 
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(bit 1). In addition, the end of the sample shows a fluctuation in voltage when it should 
be constant due to the high and low voltages continually adding to equal one as shown in 
Figure 3.16(d). These discrepancies could be due to either the digital signals that enter 
the second 2x2 coupler not being exactly one bit period out of phase with one another or 
the two digital signals experiencing a difference in power loss. Since we know that the 
extra length of fiber inserted created a one bit period delay (Figure 3.11) and all the 2x2 
couplers output the signals simultaneously (Figures 3.6-3.8), the problem must result 
from a difference in power loss along the two signal paths. Using the information in 
Figure 3.4 and the measured insertion loss of the delay fiber and determine the total loss 
at port 2 of the second 2x2 as 5.73 dB (5.03 dB + 0.7 dB), and the loss at port 1 of 2x2 
number 2 as 4.01 dB. This difference of 1.72 dB could account for the 20 mV drop in the 
amplitude of the digital signal shown in Figure 3.17(b). 

Using the information in Figure 3.4, we reconfigured the system to provide a 
similar power loss at the input of the second 2x2 in the Mach-Zehnder coupler. The new 
arrangement is shown in Figure 3.18(a). Using the insertion loss data we calculate the 
loss of the two digital signals prior to entering the second coupler to be 4.93 dB at port 2 
of the second 2x2 and 4.06 dB at port 1. The difference of 0.87 dB is almost half of the 
1.72 dB seen in the first setup. The digital signal, sampled at the output of the second 
coupler (number 1), is shown in Figure 3.18(b). This digital signal, while still showing 
some voltage fluctuations, maps closer to the expected output shown in Figure 3.16(d). 
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Figure 3.18 (a) Configuration based on maintaining similar power loss, (b) Signal 

sampled at port B of second 2x2. 
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2. Results 


Using the arrangement shown in Figure 3.18(a), the optical multimeter described 
earlier was used to record the power, measured in microwatts, at each connection in the 
Mach-Zehnder coupler. The results of these measurements are shown in Figure 3.19. 
Using the input power as a reference, the signal power loss, measured in dB, was 
recorded at each connection. The results of these measurements are seen in Figure 3.20. 
We see from the data in Figure 3.20 that this configuration results in an overall power 
loss of approximately 10.6 dB. 


Fiber 



Figure 3.19 Signal power (in microwatts) measured at each connection. 






Fiber 



Figure 3.20 The signal loss (measured in dB) taken at each connection, with input power 

as the reference. 


We have seen in this chapter that, by using the recorded insertion losses to choose 
the placement of each component, the signal quality can be greatly affected. We 
measured the signal loss of the last configuration to be 10.6 dB. This is a reasonable 
value considering that each of the three 2x2 couplers attenuated the signal power by a 
minimum of 3 dB. 

In Chapter IV we will discuss the performance of the Mach-Zehnder coupler and 
identify difficulties encountered while building the coupler and suggestions for 
improving its performance. 
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IV. DISCUSSION AND CONCLUSIONS 


Now that we have successfully built and tested the Mach-Zehnder coupler, we 
will discuss and identify difficulties encountered while building the coupler and present 
suggestions for improving its performance. 

In Chapter III we determined that 207 cm was the optimum length of fiber 
required to create a one bit period delay at 100 Mbps. The actual length of fiber used was 
208 cm. At the time of the experiment we did not specify a tolerance for the bit period 
delay. Our goal was to build a Mach-Zehnder coupler to exact specifications; however 
single mode fiber fractures easily due to the tighter tolerance of the single mode ferrule 
(i.e., ferrule tolerances are +1/-0 pm for single mode connectors compared to +2/-0 pm 
for multimode connectors). This tighter tolerance requires careful cleaning and insertion 
of the fiber. Failure to adequately clean the fiber will prevent the fiber from passing 
through the connector and lead to breakage [Ref. 11], thereby changing the overall fiber 
length. Creation of a length of fiber that is within one centimeter of a specified length of 
over two meters is considered very good. The additional one centimeter represented a 
0.5% error with respect to the bit period. Had we built the same Mach-Zehnder coupler 
with a specified bit period delay tolerance of 2%, the required fiber length would be 
207 ±4 cm. From Equation 3.1 we know that the length of fiber used to create a one bit 
period delay is proportional to the bit period; as the bit period increases, so does the 
length of fiber required to create the delay. The bit period, however, is defined as the 
inverse of the data rate so that, as the data rate increases, the bit period decreases. This 
relationship significantly impacts on the cable length tolerance. For example, if we were 
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to build the previous Mach-Zehnder coupler (one bit period delay with a tolerance of 2%) 
that operated at the increased data rate of 200 Mbps, we would need to construct a length 
fiber that measured 103 ±2 cm. Doubling the data rate resulted in decreasing by half the 
marg in of error allowed in creating the fiber. As the required data rate continues to 
increase, eventually it will reach a point where the fiber cannot be constructed to the 
required specifications and the tolerance of the bit period will need to be increased in 
order for the construction of the cable to be achievable. The magnitude of acceptable 
tolerance permitted at a particular data rate before the digital signal is compromised is 
something that will need to be investigated in future research. 

In Chapter III we learned that the quality of the digital signal depended on the 
inputs to the second coupler having similar losses. In the first configuration, the two 
signal paths had a difference in signal loss at the second 2x2 coupler of 1.72 dB. This 
resulted in a poor digital signal (Figure 3.16(b)). When the optical couplers were 
rearranged resulting in signal loss difference of 0.87 dB, the signal was greatly improved 
(Figure 3.17(b)). Even though this was only an improvement of 0.85 dB in signal loss 
over the previous value, the improvement in performance was dramatic. From Figure 3.4 
we know that, while couplers are expected to have a minimum of a 3 dB loss, the actual 
losses varied from 3.5 to 7.7 dB. With each coupler having its own characteristic losses 
from port to port, it becomes necessary to have each coupler completely evaluated to 
determine the most favorable arrangement. 

We experienced a 10.6 dB signal loss when using the configuration shown in 
Figure 3.17. The three 2x2 couplers, each with a minimum signal loss of 3 dB, accounted 
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for 9 dB of the 10.6 dB loss. The loss could be reduced from 10.6 to approximately 
7.6 dB if we could identify a different approach for shifting the phase, thereby 
eliminating the need for the third 2x2 coupler. The signal loss could be further reduced 
by using fusion splicing to make connection as opposed to using ST connectors. Using 
fusion spicing, losses as low as several hundredths of a dB are achievable [Ref. 12]. 
Figure 4.1 illustrates the four positions where fusion splicing would be appropriate. 


Fiber 



Figure 4.1 Mach-Zehnder coupler showing locations where fusion splicing would 

benefit Mach-Zehnder coupler. 


Before building the Mach-Zehnder coupler, I believed the extra length of fiber 
was the critical element and that my ability to create that extra length necessary to delay a 
digital signal by one bit period in relation to another digital signal would determine the 
quality of the Mach-Zehnder coupler. In the final analysis, I found the fiber at 100 Mbps 
to be more forgiving than the couplers. I realize that the optical couplers were the key to 
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the performance of the Mach-Zehnder coupler and the quality of signal was dependent on 
the ability to achieve similar losses across each signal path. 

In conclusion, having built the tested the Mach-Zehnder coupler, we estimate that 
the signal loss for the Mach-Zehnder receiver, shown in Figure 1.2, will be approximately 
21.12 dB (10.6 dB for each stage of the two stage receiver). This loss is significant for a 
small signal and must be reduced. The loss can be diminished by finding an alternative 
method for shifting the phase, thereby eliminating the two additional 2x2 couplers which 
would reduce the loss to 15 dB. The impact of the loss could also be lessened by 
increasing the signal through adding an optical amplifier to the receiver (before the 
couplers). Future research should focus on investigating the following: 

1. Maximum tolerance allowed for the bit period delay at various data rates. 

2. Reduction of the signal losses by fusion splicing the fibers in the couplers. 

3. Alternate methods of creating a ninety-degree phase shift without using 2x2 
coupers. 

4. Construction and testing of the complete receiver. 
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APPENDIX A. DETAILED DESCRIPTION OF EQUIPMENT AND 
PROCEDURE USED FOR MEASURING INSERTION LOSSES 

The following is a detailed description of the equipment and procedure used 
(Figure A.l) to measure the insertion loss of the optical fiber, optical 2x2 coupler and 
optical attenuator. 


Fiber 


Fiber 



ST connectors 


Figure A.l Block diagram illustrating procedure used to measure insertion losses. 

The diode laser controller, manufactured by Melles Griot (model number DLD 
103), is menu driven, allowing the user to select the mode of operation (user control of 
power or current) and then to specify digitally the laser temperature and power (or 
current) requirements. For these experiments, the controller was set in the power mode 
(at 0.17 mW) at a laser temperature of 10°C [Ref. 5]. The controller was connected to a 
1300 nm laser diode mounted in a standard laser diode test fixture. The output of the 
laser diode was through a one meter length of single mode fiber fitted with an ST 
connector. The optical multimeter, manufactured by ILX Lightwave (model number 
OMM-6810), was equipped with a Power/WaveHead (model number OMH-6725). The 
Power/WaveHead was designed to simultaneously measure power and wavelength from 
the laser source, thereby enabling it to automatically calibrate the wavelength-dependent 
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response of its InGaAs detector. Input to the multimeter was through an FC connector, 
connected to a two meter length of single mode fiber with an ST connector. The optical 
multimeter provided a six digit digital display with a linear power range of 0.000 nW to 
999.999 W. The multimeter accepted wavelengths from 1040 to 1600 nm and accurately 
measured power to within ± 3.5% and wavelength to within ± 1 nm [Ref. 6]. 

Prior to each testing, the output of the laser diode was connected directly to the 
input of the optical multimeter (Figure A.2). This reading was recorded as the input 
power to the system. Once the input power was determined, the unit under test (2x2 
coupler, optical fiber or attenuator) was inserted between the laser diode and the optical 
multimeter as shown in Figure A.l. The reading from the optical multimeter was then 
recorded as the output power. Both the input and output power were rounded to the 
nearest 1/100 mW. The loss was computed as the ratio of input power to output power 
with the result converted to decibels. 


Diode Laser 




Optical Multimeter 

Controller 


Laser Diode 


with Power/Wavehead 


Figure A.2 Block diagram illustrating setup used to measure input power. 
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APPENDIX B. DETAILED DESCRIPTION OF PROCEDURE USED 
FOR MEASURING THE TIME DELAY 


The following is a detailed description of the equipment and procedure used 
(Figure B.l) to measure the time delay of the optical fiber, optical 2x2 coupler and the 
Mach-Zehnder coupler. 

The pattern generator manufactured by Hewlett Packard (model number HP 
7084IB) was capable of producing a random sequence or user programmed pattern with a 
data rate up to 3 Gb/s. We programmed the generator to produce a repeatable pattern 
(Figure B.l) at a 100 Mbps [Ref. 7]. The output of the generator was sent through an 
SMA connector and connected to a 50 ohm coax cable to the BNC input of the laser 
transmitter. The laser transmitter, manufactured by Broadband Communication Products, 
Inc. (model 400), accepts digital input signals up to 1.3 Gbps and transmits a 1300 nm 
optical signal. The optical output was via an ST connector [Ref. 8]. The output of the 
transmitter was connected to the input port of the coupler under test; then each of the two 
coupler output ports was connected to a photoreceiver. The optical receivers used were 
manufactured by New Focus, Inc. (model number 1611). The photoreceiver was an 
InGaAs PIN photodiode followed by a low noise amplifier. The photoreceiver is 
equipped with ST connectors for the optical input and an SMA connector for the 
electrical output [Ref. 9]. The output of the photoreceivers was sent to the digital 
sampling oscilloscope. The digital sampling oscilloscope, manufactured by Tektronix 
(model number 1180IB), obtained a measurement level accuracy of ±2 mV. The 
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oscilloscope is equipped with an SD-14 sampling head which provided dual-channel 3 
GHz sampling probes [Ref. 10]. 


50 Q 

Coax cable 



50 O 

Coax cable 


ST connector: 

■- 

Fiber optic cable: 

O 

SMA connector: 

HI 

BNC connector: 

■ 

Port not used: 

$ 


Figure B.l Block diagram of procedure used to measure time delay. 


1100 1010 1010 1010 1010 1010 1010 1010 1000 0000 1000 0000 1000 0000 1000 0000 
Figure B.2 Repeatable pattern programmed into the pattern generator. 
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